It is well known that first-order ferroelectric to paraelectric transition is a one-step transition and it gives rise to one latent heat peak and one permittivity peak during heating. In the present paper, however, we report an unexpected finding; in Mn-doped Ba͑Zr 0.01 Ti 0.98 Mn 0.01 ͒O 3−␦ the ferroelectric to paraelectric transition proceeds in two steps, after the sample has experienced a prior aging at the differential scanning calorimetry ͑DSC͒ peak temperature and followed by cooling down to a fully ferroelectric state. The two-step transition is evidenced by a split DSC peak as well as a split permittivity peak. These abnormal effects can be explained by considering that aging at DSC peak temperature corresponds to aging in a two-phase state ͑paraelectric+ ferroelectric͒. Such two-phase aging produces two different defect symmetries, which give rise to different stabilities for the same ferroelectric phase and thus results in different reverse transition temperatures. © 2010 American Institute of Physics. ͓doi:10.1063/1.3309697͔
Ferroelectric materials are an important class of functional materials and have found a wide range of applications owing to their ferroelectricity, piezoelectricity, pyroelectricity, etc. These materials undergo a ferroelectric-paraelectric ͑FE→ PE͒ transition when heated to above the Curie temperature ͑T C ͒. This transition is a first order transition with the spontaneous polarization vanishing abruptly at T C . The discontinuity in polarization causes a discontinuity in entropy and hence yielding a latent heat at T C , 1 which can be detected by differential scanning calorimeter ͑DSC͒. As a result, FE→ PE transition gives rise to one DSC peak around T C on heating. In this letter, however, we report an unexpected finding-FE→ PE transition seems to proceed in two steps, if the sample experienced a prior aging at the DSC peak temperature and followed by subsequent cooling.
We fabricated Ba͑Ti 0.98 Zr 0.01 Mn 0.01 ͒O 3−␦ ceramic samples ͑␦ is the oxygen vacancy͒ using a conventional solid-solution method. Mn 3+ was added as B-site acceptor dopant, which creates oxygen vacancies and causes aging effect. Zr 4+ was added to broaden the FE-PE DSC peak temperature range 2 and thus made it easier to conduct peaktemperature aging. The ferroelectric transition ͑PE→ FE͒ and reverse transition ͑FE→ PE͒ of the sample was monitored by a DSC Q200 calorimeter ͑TA Instruments͒ with a heating/cooling rate of 3°C / min, and the peak temperatures for forward and reverse transition were 115.6 and 119.3°C respectively ͓Fig. 1͑a͔͒. Aging temperature was selected to be the peak temperature of FE→ PE transition ͑119.3°C͒.
It should be noted that the DSC peak temperature corresponds to a maximum transition rate of FE→ PE transition; thus it corresponds to a coexistence of FE and PE phases, as shown in the inset of Fig. 1͑a͒ . Therefore, peak-temperature aging actually corresponds to a FE+ PE two-phase aging.
Before aging, the sample was heated to 280°C ͑well above T C ͒ for 10 min to eliminate the preexisting aging effect. Then it was cooled to full ferroelectric state ͑80°C͒ followed by immediate heating to the DSC peak temperature ͑119.3°C͒ and the sample was aged at this temperature for different length of time. After the peak-aging or two-phase aging, the sample was cooled to a full ferroelectric state again ͑80°C͒ and then heated up to a full paraelectric state during which the heat flow was recorded. Figure 1͑b͒ shows the evolution of DSC heating peak associated with the FE→ PE transition for the peaktemperature-aged sample with different aging time ͑0-32 h͒. In contrast with the normal single peak for the unaged sample, the DSC peak of two-phase-aged sample gradually split into two peaks with increasing peak-aging time, i.e., the FE-PE transition proceeds in two-steps. The left peak ͑with peak temperature T 1 ͒ corresponds to the first step, and the right peak ͑with peak temperature T 2 ͒ corresponds to the second step. The evolution of the two peak temperature T 1 and T 2 with peak aging time is shown in Fig. 1͑c͒ . We can see that the left peak T 1 remains essentially unchanged, whereas the right peak T 2 shifts to high temperature with increasing aging time and finally saturates ͑feature of FE aging͒.
The two-step FE-PE transition can also be identified by permittivity measurement. Figures 2͑a͒ and 2͑b͒ shows, respectively, the Ј-T heating curve of the above sample without and with prior peak aging. It is clear after peak aging the single permittivity peak split into two.
Now we discuss the origin of the two-step FE-PE transition induced by the peak-temperature aging. As shown in the inset of Fig. 1͑a͒ and discussed above, peak-temperature aging corresponds to the aging of a mixture of FE and PE phases. Recent studies have shown that aging in a fully FE state can cause a stabilization [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] of the FE phase and hence the increase in FE→ PE transition temperature T C . 17 a ferroelectric stabilization effect was shown to stem from a symmetry-conforming short-range order property of point defects. 3, 4, 19 This is an important clue for understanding the present two-step transition due to peak aging or two-phase aging.
In the following, we shall show the evolution of defect configuration during two-phase aging and explain the origin of two-phase-aging-induced two-step FE-PE transition. In ungaged acceptor-doped ferroelectrics, oxygen vacancies 20 tend to form a cubic defect configuration ͑SRO symmetry͒ 3, 4, 15 and thus the whole sample has the same SRO symmetry everywhere. As the results, the unaged sample exhibits one-stage reverse ferroelectric transition ͓Fig. 3͑a͔͒. Now, we heat the sample to the DSC peak temperature, i.e., the sample is composed of regions of FE and PE phases ͓Fig. 3͑a2͔͒. The two phases correspond to two different crystal symmetries, cubic for PE phase and polar tetragonal for FE phase. After aging in such a two-phase state, the de- 3 . ͑Color online͒ Mechanism for aging-induced two-step FE→ PE transition. P S and P D are spontaneous and defect polarization, respectively. The large and small squares or rectangles represent different crystal symmetries and defect SRO symmetries, respectively. ͑a͒ Normal FE→ PE onestep transition for unaged sample. ͑a1͒ Unaged FE phase with zero P D . ͑a2͒ The sample is a FE+ PE two phase mixture at the DSC peak temperature. FE portion: upper half ͑blue-colored FE domains͒; PE portion: lower half ͑yellow-colored PE phase͒. ͑a3͒ PE phase after heating from unaged FE phase. ͑b͒ Two-step transition after two-phase aging. ͑b1͒ After aging in the ͑a2͒ state ͑FE+ PE two phase mixture͒, the FE portion has a SRO of the polar tetragonal symmetry and a nonzero P D , while PE portion has a cubic SRO and a zero P D . ͑b2͒ The existence of two different SRO symmetries after the sample is cooled to a full FE state. ͑b3͒ On heating, the first-step FE→ PE transition corresponds to the transition in the former PE portion with a zero P D . ͑b4͒ Second-step FE→ PE transition corresponds to the transition of the former FE portion with a nonzero P D .
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Gao et al. Appl. Phys. Lett. 96, 082906 ͑2010͒ fect SRO symmetry of each phase conforms to the crystal symmetry of the corresponding phase ͓Fig. 3͑b1͔͒, according to the symmetry-conforming SRO principle. 3, 4 In the FE portion, the defect symmetry tends to adopt the polar tetragonal crystal symmetry, and thus forms a defect dipole P D after aging.
3,4,21-23 P D can stabilize the ferroelectric phase and thus increases the thermodynamic stability ͑and T C ͒ of the FE-aged portion. 17 The PE portion, on the other hand, keeps its "cubic" defect SRO symmetry after aging and the stability ͑or T C ͒ of this portion remains unchanged. Subsequent cooling the sample results in a full FE state without changing defect symmetry in the two portions ͓Fig. 3͑b2͔͒. Thus the ferroelectric state is composed of two regions of different SRO symmetries and thus different thermodynamic stabilities. During the heating process from this full FE state, the FE phase formed from the former PE portion corresponds to a relatively lower T C because its SRO symmetry ͑cubic͒ does not match its crystal symmetry ͑polar tetragonal͒. Thus this FE portion transforms into PE phase first, giving rise to the first-step FE→ PE transition ͓Figs. 3͑b2͒-3͑b3͔͒. With further heating the sample, the former FE portion, in which SRO symmetry conforms with the polar tetragonal crystal symmetry has higher T c for the FE→ PE transition; this results in the second-step FE-PE transition ͓Figs. 3͑b3͒-3͑b4͔͒. Therefore, the two-step transition is microscopically caused by the coexistence of two different defect SRO symmetries ͑in different regions͒ after the two-phase aging. The two SRO symmetries lead to two different stabilities for the ferroelectric phase, thus result in a two-step transition. With this mechanism we can also understand that the shift of T 2 peak toward higher temperature with aging time is due to the gradual stabilization of the previous FE portion, whereas the insensitivity of T 1 to two-phase aging is due to the identical defect SRO symmetry of the previous PE portion for different aging time.
The above explanation suggests that two-step transition caused by two-phase aging stems from the existence of two different defect symmetries in the PE and FE portion of the crystal. Following this mechanism we can make two predictions: ͑1͒ The aging-induced two-step transition ͑i.e., peak splitting͒ cannot occur in systems without mobile defects; this is because defect SRO symmetry is not able to change with time in both PE and FE phases and thus it is not possible to create two different stabilities. ͑2͒ Split peak will become a single peak if the two-phase-aging is followed by a long-time aging in full FE state. This is because that longtime FE-aging changes the two different defect symmetries into the same one, following the FE crystal symmetry; thus the FE→ PE transition occurs in a single step.
To verify these predictions, we performed two experiments. First, we conducted peak-temperature aging ͑121.6°C͒ on an undoped BaTiO 3 ceramic, which has virtually no aging effect. The result ͓Fig. 4͑a͔͒ shows that there is no peak splitting on the DSC curve, verifying the first prediction. Second, we performed posterior ferroelectric aging on a two-phase aged ͑119.3°C, 1 h͒ Ba͑Ti 0.98 Zr 0.01 Mn 0.01 ͒O 3−␦ sample for different time and then observed the FE→ PE transition behavior as a function of the posterior FE aging time. The result is shown in Fig. 4͑b͒ . Without posterior FE aging the DSC peak of two-phase-aged sample exhibits a splitting during FE→ PE transition. With increasing posterior aging time, the split peaks T 1 and T 2 gradually merge into one peak, i.e., becoming one step FE-PE transition; this verifies the second prediction. It should be noted that the gradual shift of T 2 toward T 1 is due to an aging-temperature effect. 17 The verification of the two predictions provide further support to the mechanism shown in Fig. 3 .
In conclusion, a two-step FE→ PE transition was found in acceptor-doped barium titanate system after aging at the DSC peak temperature. This effect can be ascribed to the formation of two different defect SRO symmetries in the sample during the aging in the DSC peak temperature ͑or FE+ PE state͒, hence causing two different stabilities in the sample and a two-step FE→ PE transition. FIG. 4 . Verification of the two predictions from the mechanism of twophase aging shown in Fig. 3 . ͑a͒ No DSC peak splitting for undoped BaTiO 3 ceramic even after two-phase aging ͑121.6°C,3 h͒. ͑b͒ Split DSC curve of Ba͑Zr 0.01 Ti 0.98 Mn 0.01 ͒O 3−␦ caused by two-phase aging ͑119.3°C,1 h͒ gradually changes into a normal single peak after increasing posterior FE aging time in fully ferroelectric state ͑100°C͒.
